High purity single-walled carbon nanotubes (SWNTs) were synthesized from ethanol by catalytic CVD method. The yield of SWNTs was determined based on TGA complemented by Raman and TEM analyses. The effects of CVD reaction time and pre-reduction of catalytic metal on the yield and quality of synthesized SWNTs were investigated. The SWNT yield of more than 40% was achieved over the weight of zeolite support powder with Fe/Co catalyst, which corresponded to more than 800% yield over the weight of the catalytic metal, within the CVD reaction time of 120 min assuring as-grown high quality.
Introduction
Since the discovery by Iijima and Ichihara [1] , single-walled carbon nanotubes (SWNTs) have been extensively studied due to their outstanding potentials as a future material. To present, their unique properties have evoked several novel applications [2] that would never be possible with conventional materials, and vast rooms are left for such inventions using SWNTs. With this concern, a synthesis technique of SWNTs with a higher quality and at a lower cost is an urgent priority at present.
In addition to the initial laser-furnace [3] and arc-discharge [4] techniques, a variety of studies were reported [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] using chemical vapor deposition (CVD) technique that is suitable to mass production. Many kinds of carbon sources, support materials, and synthesis conditions have been tested so far tested, but the best approach has not been set up yet. Aiming at this common goal, our group reported [15] that SWNTs with remarkable purity was synthesized at temperature as low as 550°C using alcohol (ethanol and methanol). Further merits of using alcohol lie in its harmless, low cost, and easy-handling nature.
There is no report that supported their validity of the SWNT yield by a simultaneous exhibition of Raman, TGA, and TEM results, other than that by Alvarez et al. [12] . Furthermore, in most of the reports the characters for their reportedly highest yield were not presented at all. It is authorsÕ belief that sufficient discussion should be made on the definition and presentation of the yield of SWNTs, with an explicit notation of the upper yield limit for practical quality. In this report, the effects of CVD reaction time and pre-reduction of catalytic metal on the quality and yield of synthesized SWNTs have been investigated to discuss the feasibility toward mass production of our CVD method from alcohol.
Experiment and measurement
We employed iron and cobalt for catalytic metals and USY-zeolite powder (over 99% SiO 2 ) for their support [16, 17] to form catalytic powder. See [15] for detailed procedure for preparation. The concentration of each metal species in the catalytic powder was 2.5 wt%.
In the CVD procedure, 33 mg of the catalytic powder was sparsely placed on a quartz boat, which was then placed at the center of a quartz tube (26 mm inner diameter, 1 m long). The central 30 cm of the quartz tube was heated up with an electric furnace, flowing more than 200 sccm of Ar so that the pressure inside the tube was kept about 300 Torr. After the reaction temperature was achieved typically in 30 min, Ar supply was stopped and inside of the quartz tube was evacuated by a rotary pump. Subsequently, ethanol vapor was introduced from a temperature-controlled reservoir, keeping the ethanol pressure measured just before the entrance of the quartz tube constant. Finally, the ethanol supply was stopped and the furnace was turned off before bringing the system back to room temperature with flowing 100 sccm of Ar. In some experiments, Ar containing 3% of hydrogen (referred to as ÔAr/H 2 Õ) was used for a reduction purpose, instead of pure Ar.
ÔAs-grownÕ blackened powder was characterized by thermo-gravimetric analysis (TGA), Raman spectroscopy, and transmission electron microscopy (TEM). TGA was performed with Seiko Instruments Exter 6000 and TG/DTA 6300, and with a heating rate of 5°C/min with 100 sccm flow of air. In every TGA measurement, the sample of 10 AE 1 mg was used in order to suppress TG error below 1%, and it was held at 100°C for 2 h before starting to raise the temperature to ensure sufficient reproducibility. Raman measurement was performed with CHROMEX 501is and ANDOR Technology DV401-FI for the spectrometer and CCD system, respectively, with an optical system of SEKI TECHNOTRON Corp.Õs STR250. Laser wavelength of 488 nm was used in all the measurements.
Definition of SWNT yield
We utilized recent findings about TG or TPO (temperature-programmed oxidation) analyses [10, 12, [18] [19] [20] [21] [22] for the estimation of SWNT yield. The burning temperature of SWNTs is largely influenced by the condition of the SWNTs specimen, so caution must be taken in comparing these results. Most remarkably, when catalytic metal particles (or metallic impurity) are mixed among SWNTs, the decomposition temperature is somewhat lowered from that of pure SWNTs [18] [19] [20] [21] . At least, the burning temperatures of purified and annealed SWNTs produced by laser furnace method [3, 19] or by HiPco method [8, 20, 21] are in the same temperature range of 500-700°C.
Since the amorphous carbon decomposes around 300-500°C [10, 12, 18] , which is lower than the decomposition temperature of SWNTs, the existence of amorphous carbon is readily recognized from TG or TPO curves. However, when graphitized carbon products such as MWNTs coexist with SWNTs, it becomes rather difficult to specify the amount of SWNTs only by TGA or TPO. This is because, as pointed out by Alvarez et al. [12] , some kind of well-graphitized product also burns at higher temperature range that overlaps the range of SWNTs. As a possible method for estimating the amount of each constituent, Alvarez et al. [12] decomposed their TPO curves into several Gaussian-Lorentzian components and attempted to estimate the amount of each carbon species including amorphous carbons and MWNTs. However, this method accompanies an abundant freedom in the choice of fitting parameters; hence it may not be the best way, though physically effective, for an accurate estimation of the yield.
The safest way is, therefore, to perform the estimation only taking the target specimen that contains hardly any amorphous carbon nor MWNTs, for which no Gaussian-Lorentzian decomposition is essentially needed: It is possible to confirm the absence of amorphous carbon by TGA and that of MWNTs by TEM. The yield of SWNTs in this report is defined as the ratio of weight loss between 500 and 700°C to the weight remained at 1000°C, both measured in TGA, which is a representative ratio of the weight gain by SWNTs to the weight of the catalytic powder. Fig. 1a shows the TG and DTG curves of the Ôas-preparedÕ powders for various CVD reaction times when Ar was used while heating-up of the electric furnace. The reaction temperature and pressure were 800°C and 10 Torr, respectively. This temperature had been confirmed by Raman and TEM analyses to be optimal (i.e., achieving minimum impurities) in this condition. In our previous report [15] SWNTs with sufficiently high quality/purity were synthesized even at 650°C, but this was possible because the pressure was much lower (2-5 Torr) than that in the present study, where potentials for the highest yield is discussed. A slight weight gain around 250°C is due to oxidation of catalytic metals [20, 21] , and the following weight loss up to 500°C is due to burning of amorphous carbons. We assigned the weight loss between 500 and 700°C to burning of SWNTs, which strongly depends on the CVD reaction time. Note that the burning temperature of current SWNTs is equal to that of purified and annealed SWNTs synthesized by the laser-furnace [19] and HiPco [20, 21] methods, indicating that the sidewalls of our SWNTs are of good quality and are free from metal particles. The gradual shift of DTG peaks toward higher temperature is attributed to the diameter increase of SWNTs or thickening of the bundles. For the 300-min case, this shift is partially due to the formation of MWNTs. According to TEM observations, no multi-layered carbons such as MWNTs were observed up to the 120-min case, while small amount of MWNTs were observed in the 300-min case (not shown).
Results and discussion
A series of experiments were carried out using Ar/H 2 and their TG and DTG results are presented in Fig. 1b . The ethanol pressure during the reaction was 10 Torr. The first experiment was made under the condition of 800°C, 10 min for comparison with the case of Fig. 1a , where Ar was used. The TG curve in the case of Ar/H 2 (dashed line) exhibits a larger amount of total carbon yield than the case of Ar (Fig. 1a) : This increase is thought to emanate from an additional reduction of catalytic metals that would be otherwise reduced by carbon atoms in a slower speed. A side effect, i.e., simultaneous increase of amorphous carbon, can be suppressed by employing higher reaction temperature. The solid lines in Fig. 1b represent the cases synthesized at 850°C, showing that the amount of amorphous carbon was suppressed to the extent of Fig. 1a . Note that this comparison means not only that Ar/H 2 enhances the yield of SWNTs but also that Ar lowers the reaction temperature, which can be an important controllable parameter in the SWNT production. A remarkable difference in the yields indicates that the reduction by carbon atoms is a reaction of a long timescale, extending to several tens of minutes or longer, as shown later in Fig. 3 . Alvarez et al. [12] presented their detailed investigation on the degree of reduction in their bimetallic Mo/Co catalyst, showing that even after 30 min of reduction with H 2 at 500°C, the metal was still in some part oxidized.
The Raman spectra corresponding to Fig. 1b are presented in Fig. 2 . Detailed interpretations of the Raman spectra are presented elsewhere [23] .
The decrease in the D-band magnitude from Ô10 min at 800°CÕ to Ô10 min at 850°CÕ coincides the observation in Fig. 1b . Although the magnitudes of the D-band gradually increased with the reaction time, they still retained sufficiently good quality according to TEM observations. Since the TGA results indicate a negligible amount of amorphous carbon compared with SWNTs even in the longer time cases, the D-band increase in this case may partly be ascribed to the double resonance effect by SWNTs with defects. The left panel shows the radial breathing mode (RBM) of SWNTs, from which the diameter distribution of SWNTs can be estimated using a relationship Ôd ðnmÞ ¼ 248=t ðcm À1 ÞÕ [24, 25] , where d is diameter of a SWNT and t is the Raman shift. The observed increases in the diameter distribution and D-band magnitude with CVD reaction time are partly due to the fact that thinner nanotubes are more difficult to survive through the long reaction exposure, at the same time the thicker nanotubes, which are harder to form a cap and get properly annealed [6] , are faster to grow in a long run.
The time progresses of the SWNT yields are plotted in Fig. 3 . The error arising from TG was AE0.5%. Note that the definition of SWNT yield is not strictly applicable for the cases of 300 min with Ar, where MWNTs were observed. The qualities of as-grown SWNTs were confirmed by TEM, and some of the representative images are presented in Fig. 4 . As for the achievement of the yield and quality, the cases of Ô10 Torr, 60 min, Ar/H 2 Õ (Fig.  4a ) and Ô5 Torr, 60 min, ArÕ exhibit the highest quality. The quality of Ô10 Torr, 120 min, Ar/H 2 Õ was nearly the same ( Fig. 4b) but had thicker bundles, and that of Ô10 Torr, 60 min, ArÕ followed them. In this study, therefore, the practical limit of the reaction time to assure sufficient quality/purity of the product is 120 min, in which SWNT yield of more than 40% was achieved over the weight of the zeolite support powder with Fe/Co catalyst. This corresponds to more than 800% yield over the weight of the catalytic metal, since the total metallic weight in the catalytic powder was 5%. Note that the Ôas-grownÕ high quality of our SWNTs is apparent when the current TEM pictures (Fig. 4) are compared with those presented in previous reports, for example [8] [9] [10] [11] [12] 14, 20] . Our choice of ethanol for a carbon feedstock seems to be the crucial point.
Concluding remarks
We have demonstrated that more than 40% yield of SWNTs with sufficiently high quality can be synthesized from ethanol within the CVD time of 120 min, with which the feasibility of proposed method toward mass production has been presented. The reduction of catalytic metal, which leads to effective enhancement of the yield, plays an important role in the synthesis of SWNTs. Further optimization of catalytic metal species and support material is needed along with an elucidation of the growth mechanism to achieve still higher quality and productivity of SWNTs. Fig. 3 . Time progresses of SWNT yields for the conditions of Ô850°C, 10 Torr, Ar/H 2 Õ (circle), Ô800°C, 10 Torr, ArÕ (square), and Ô800°C, 5 Torr, ArÕ (diamond), for the temperature, pressure, and gas used in the heating-up of the electric furnace, respectively. A straight line for each condition denotes a leastsquares fit. Note that a small amount of multi-layered carbon products were observed in cases of 300 min. Fig. 4 . TEM images for Ôas-grownÕ SWNTs synthesized at the conditions of (a) 850°C, 10 Torr, 60 min, Ar/H 2 , and (b) 850°C, 10 Torr, 120 min, Ar/H 2 , for the temperature, pressure, time, and gas used during the heat-up of the electric furnace, respectively. Note the high purity of SWNTs without contaminants such as metallic particles, amorphous carbons, or MWNTs.
